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POWER  FLX>W  FROM  A  PLA5MA  HAVING  COMPLEX 
ELECTROACOUSTIC  WAVE  IMPEDANCE 


Robert  L.  Gallewa 

The  complex  electroecouetic  wxve  impedance  ie 
examined  and  ia  related  to  power  coupling  at  a  p!a«ma> 
vacuum  boundary  via  the  plane  wave  solution  of  Maxwell'  a 
equations.  The  reactive  component  of  impedance  ia  found 
to  be  important  at  frequencies  leas  than  the  plasma  fra* 
qucncy.  where  it  contributes  a  significant  amount  to  power 
flow.  Thus  at  those  frequencies  serious  errors  can  be 
introduced  by  assuming  that  the  electroacoustic  power  is 
made  up  of  the  powers  in  the  incident  and  reflected  waves 
only. 

Key  words:  Electroacoustic,  electromagnetic,  impecance. 
plasma,  power  coupling,  wave  propagation. 

1.  Introduction 

The  problem  of  understanding  Uie  coupling  mechanism  which  go'/srns  - 
the  conversion  of  electromagnetic  energy  at  a  plasma  density  discontinuity 
has  received  considerable  attention  in  recent  years.  Work  has  been  done 
on  the  problen;  of  reflection  from  and  transmission  into  a  plasma  half* 
space  [Wait.  19b<a,  b;  Hessel,  et  al. ,  19bZ;  Krits  and  Mintaer,  1960], 
as  well  as  the  reciprocal  problem  that  is  encountered  when  the  wave  is 
incident  from  the  plasma  onto  the  plasma-vacuum  boundary  [Field,  1956; 
Jchler,  1964;  Gallawa,  1965]  .  In  the  latter  problem  one  may  consider 
incident  longitudinal  (or  transverse)  waves  onto  the  boundary,  there  being 
coupling  to  the  transverse  (or  longitudinal)  wave  by  the  boundary.  In 
particular  an  incident  longitudinal  wave  generates  reflected  and  trans* 
irUtted  transverse  waves,  as  well  as  a  reflected  longitudinal  wave.  The 


1 


problmn  i«  compUcstMl  bf  c«>u{>linc  b«tw««n  th«  two  typo*  of  wavos  if  a 
mafnoto*  static  field  pormoatoa  th*  rogicn. 

Tko  r.ochaniain  by  which  a  comproision  (loogitudifiat)  wave  osublisho* 
an  oUctromagnotic  wave  at  a  boundary  is  now  fairly  woU  undorctood. 

Tho  ^oblom  of  power  conversion  introduces  an  insight  which  is  not  readily 
available  when  work  is  restricted  to  the  wave  ntagnitudes.  The  purpose 
of  this  paper  is  to  study  the  coupling  at  a  plasma->vacuum  boundary  by 
introducing  the  complex  intrinsic  wave  impedance.  Th*  reactive  com* 
ponent  thereof  will  be  shown  to  contribute  to  power  transmitted  by  virtu* 
of  an  interaction  of  incident  and  reflected  waves.  Th*  problem  is  believed 
to  be  particularly  important  in  view  of  th*  recent  work  by  Chen  [  1965] 
in  which  he  showed  that  a  space  vehicle  illuminated  by  an  electromagnetic 
wave  can  excite  an  electroacoustic  wav*  which  may  enhance  the  radar 
return  considerably. 

2.  Equation*  for  th*  Unbounded  Homogeneous  Plasma 

To  introduce  important  concepts  and  equations  consideration  is  given 
first  to  the  case  of  an  unbounded  homogeneous  plasma.  Th*  medium  will 
be  taken  to  be  a  on**componcnt,  uniform  electron  fluid:  i.  *.  heavy  ionic 
motion  will  be  neglected.  Collisions  between  electrons  and  neutral 
particles  will  be  accounted  for  by  introducing  a  constant  collision  fre* 
quency,  v.  In  additi'an  finite  compressibility  will  be  considered.  The 
wave  magnitudes  to  be  introduced  will  be  assumed  to  be  very  small. 
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p«rmittina  ui«  of  linearised  hydrodynamic  aquations  (Ostsr.  1960]  , 
which  arc  given  by 


mn,  (v  ♦  V  s  n.e  E  .  Op  , 

(1) 

u*  mn,  V .  V  i 

(2) 

V  *  E  .  -  u, 

(1) 

-iE- 
V  X  H  «  f « -rr  ♦  V  * 

at 

(4] 

where  e  and  m  are  the  charge  and  mass  of  the  electron,  respectivaly: 

Uo  Atid  Co  are  tho  permeability  and  permittivity  of  free  space,  respec- 

KT 

tively:  u  is  the  speed  of  sound  in  the  electron  gas,  u*  S'  Y 
K  «  Boltsmann*  s  constant.  T  •  absolute  temperature:  p  is  the  deviation 
of  the  electron  pressure  from  the  mean,  and  V  is  the  mean  electron 
velocity;  no  is  the  constant  electron  number  density:  Y  is  the  ratio  of 
specific  heats:  £  and  H  are.  as  usual,  the  electric  and  magnetic  fields. 

For  now  the  steady  magnetic  induction  is  assumed  to  be  aero:  that  addi¬ 
tional  geneTality  can  be  introduced  by  replacing  EbyCeVxBin  (1). 
Without  loss  of  generality  a  time  factor  expfiut)  will  subscquontly  be 
assumed  and  suppressed.  Tiie  value  of  where  c  is  the  velocity  of 
light,  is  taken  to  be  KT*  throughout  this  paper.  This  corresponds  to  a 
temperature  of  about  10*  degrees  Kelvin. 
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It  convenient  to  study  the  propagation  parameters  by  splitting  E 
into  longitudinal  and  transverse  components  (Hessel  and  Shmoys,  1961; 


Hessel.  Marcuvita,  and  Shmoys,  1962;  Chen.  i964:  Field,  1956)  . 
Thus  let 


i  -  Et  ♦  E. . 

where 


7  «  El  *  0. 
V  •  Et  *  0. 


Then  by  |2|.  (4),  and  (7). 


7  . 


“  t;"  p. 

u*c,m  ^ 


In  addition. 


(5) 

(6) 
(7) 

(B) 


7  »  E,  =  .  iPM.H.  (9) 

From  these  equations,  it  is  evident  that  E^  is  in  the  direction  of  propa. 
gation  (and  hence  is  longitudinal)  while  E,  ta  entirely  transverse  to  the 
direction  of  propagation.  Clearly  there  is  no  magnetic  field  associated 
with  the  longitudinal  wave. 

There  is  no  difficulty  to  show  {  Gai’swa  »'•<»■*»  the  pertinent  equa¬ 
tions  satisfied  by  E^  and  p,  as 


* 5’’[‘ ‘ ‘ “  •  *'** 

whcr*  the  Unguler)  pUsma  frequency  ie  given  by 

"[^3 

The  ueual  CerteeUn  coordinate  Interpretation  of  the  V*  operator  ie  appli* 
cable  in  (lOf.  The  preeeure  wave  hae  an  aeeociated  longitudinal  electric 
field  by  virtue  of  (S). 

The  wavee  defined  by  (10)  and  (11)  have  propagation  conetante  kf 
and  kx  given  reepcctively  by 


where 


’  V  ■»  if 
.  i«^Co 


3*  • 


The  square  roots  are  to  be  chosen  so  that  Int  kt  <0  and  Im  k^  <0. 

3.  The  Electroacoustic  Complex  Wave  Impedance 
The  complex  wave  impedance  for  electromagnetic  waves  has  been 
used  recently  [  Barlow,  1963]  to  illustrate  poyr*?  transmission  under 


•Ui»4!iRs>«r*vc  coedititm*.  Cofkc«Btratio&  k«r«  it  on  tk«  •xtcntion  of 
that  concept  to  iiMrludt  longitudinal  nravtt.  To  dafiat  tht  ntcattary 
ifr.p«4anct  break  V  into  componeate; 

V  .  ♦  V,  . 

where  and  V,  are  ateociated  with  the  longitudinal  and  tranaverte 
wavet  retpectively.  la  fact,  it  it  convenient  to  let 


ma«(veia)Vi  «  n«e£i  •  Vp. 

ma«(vtia|Vt  •  a«eZr. 


(15) 

(16) 


If  p,  end  are  taken  to  he  plane  wavet,  varying  at  exp  (-  ik^x), 
the  intrintic  Impedance  of  the  electroacoottic  .(longitudinal)  wave  can  be 
defined  at 


«a 

Z  > 


(17) 


where  it  the  x  directed  component  of  .  In  the  cate  of  a  pure 
longitudinal  wave,  there  will  be  no  other  cotsponenu  of  V.  In  particular, 

we  may  take 


^  «  i;  exp  (.  ik^  x)  , 


P 


u*m€  , 

— ; —  exp{-  ikt  x)  , 


(18) 


(19) 


(20) 


Then. 


i  « 


i. 


-  l| 


(21) 


•  • 


where 


$),  u 


2.  » 

p,  s  B,  m 


In  the  ceee  of  e  coUieionlees  noniAnised  gee,  the  impedance  reducee  to 
that  of  the  ueual  acoustic  wave  [  Morse,  1948;  Moore,  I960].  In  the  case 
of  a  pure  transverse  wave,  the  corresponding  expreasion  for  impe<dance 
is  ( Barlow.  1963] 

Z, 

Z..  : - .  (22) 

•  h  «  ih  “ 

V 


where 


Z 


•b 

*■  *  V  ♦  V*  • 

In  this  case,  the  impedance  is  associated  with  the  electromagnetic  wave. 
Barlow  has  treated  the  ramifications  of  this  impedance  extensively,  and 
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•o  attention  will  be  restricted  bere  to  the  treatmmt  of  longitudinal  wave 
propagation. 

In  the  case  of  a  pressure  wave  impteging  on  a  density  discontimtity. 
fbe  total  wave  will  be  made  up  of  an  incident  and  a  treflected  component; 

that  is 

where  the  superscripts  4>  and  •>  refer  to  the  incident  SMd  reflected  com- 
ponsnts.  respectively.  Associated  with  these  ttaves  are  the  corresponding 
Thus,  for  example, 

♦  ..  u*ms.  „  .... 

P  •  -  JC.i  exp(.  ik^x)  , 

% 

P*  •  -  ilH,  axp(ik^x)  , 

••Pi- 

In  these  expressions.  *  and  *  are  components  in  the  positive  x 


direction.  Clearly, 


The  expressions  for  end  p  have  been  related  to  the  corresponding 
electric  fields.  is  the  reflected  longitudinal  electric  field. 

In  order  to  establish  meaningful  power  relations,  it  is  convenient 
to  examine  the  Peynting  vector  associated  with  these  waves.  If  attca> 
tion  is  restricted  to  the  longitudinal  waves,  we  have 

P  .  1  R.  [,v/l  .  J  R.IpV/)*  ♦  p-(V/)* 

+  pVv'»**p*(ViV)  .  (Ml 

where  Re  indicates  the  real  part  and  the  asterisk  denotes  complast  con> 
Jugate.  By  introducing  the  reflection  coefficient,  p. 


(23)  becomes 


P  ■  i  {  IP*I*  -  |ph*  Zic  IpI  sin#j].  ,  (24) 

at  X  s  0.  tile  plane  of  density  discontinuity.  The  terms  introduced  in 
(24)  are  defined  as  follows: 


£  »  R4  i  X 


(25) 


P  •  |p|  «*p(lt)  . 


(26) 


TIm  first  t«rm  im  {24)  clasrty  rrprsssBts  fii«  diff*r«ac«  b«tw««a  tbs 
pMrrra  carrl«4  hf  Um  two  oppositoly  4ir«ct«d  wovos  acting  indopcedcntly. 
TIm  aocood  torn  roproaoata  an  iatoractioc  iMtwaon  tha  storago  fields  of 
tiM  oppositely  directed  waves.  The  latter  term  is  sero  if  either  the 
impedance,  Z,  or  reflection  coefficient,  p.  Is  real. 

Equation  (24)  shows  the  inadequacy  of  calculating  power  by  neglecting 
Um  interaction  between  incident  and  reflected  fields.  In  some  instances 
the  error  introduced  is  negligible,  but  in  general  is  nonsero. 

4.  Power  Coupling  at  a  Plaama^Vacuum  Boundary 

An  analysis  analogous  to  tlwt  carried  out  above  may  be  made  for  a 
longitudinal  wave  incident  on  a  boundary  at  oblique  incidence.  In  that 
case  a  directional  impedance  may  be  defined  which  is  dependent  on  the 
angle  of  incidence  and  the  characteristics  of  the  medium.  If  considers* 
tion  is  then  given  to  the  flow  of  power  across  a  boundary,  an  expression 
similar  to  (24)  can  be  obtained. 

la  establishing  the  equations  for  the  latter  study,  a  magnetostatic 
field  may  be  included  and  set  equal  to  sero  if  conditioas  dictate. 

The  equation  satisfied  by  £  is  [Gallawa,  1965] 

..  u*  -hm- 

V  X  jr  X  £  -  «*£ -  ^  o  ▼•  £  e  £  x  t 

V  V 
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Th«  angular  aiactroa  gyrofraqucncy.  «  *  aB«/m.  hat  l»e«n  introduced, 
where  B  «  i  ia  the  magnetic  induction  vector  and  i  is  a  unit  vector. 

The  disperekm  relation  can  be  obtained  by  assuming  a  plane-wave 
solution  which  is  proportional  to  exp<-  ih^h  •  f ),  where  h  is  a  unit  vector 
ia  the  direction  of  propagation  and  f  is  the  vector  to  the  variable  point 
of  interest.  Under  these  conditions. 

V  «  «  ikh 

and  (25)  reduces  to 

♦  E.  i[^.^]-(S  EKS«i»^.0.  ,2„ 

This  equation  is  quite  complex  when  considered  ia  its  most  general  form. 
A  tractable  form  can  be  deduced  by  restricting  attsosion  to  the  case 
whereby  1  is  perpendicular  to  B  and  is  such  that  B  x  I  «  i.  Then  a.  i.  T 
form  a  right-handed  triad  and  the  basis  of  a  rectangular  coordinate 
system.  Then 

E*BE.4iE, 

and  (25)  reduces  to  three  simultaneous  equations: 
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(28a) 


E.  Ck*  -  n*]-  0. 


(28b) 


If  th*  magnctostAtic  field  vanishee  the  medium  can  support  three  waves, 
each  propagating  independently.  In  general,  however.  E,  and  Ej  are 
coupled  and  purely  transverse  or  longitudinal  waves  cannot  be  supported. 

The  set  of  equations  (28a)  and  (28c)  leads  to  solutions  for  k  by 
equating  the  determinant  of  the  coefficients  to  sero.  This  leads  to 


where  the  upper  sign  is  associated  with  the  qoasi«longitadiaal  wave  (k^) 
and  the  lower  sign  with  the  quasi«traasverse  wave  (k,). 

The  way  in  which  the  complex  directional  impedance  contributes 
to  power  coupling  at  a  density  discentinuity  can  be  studied  by 
the  mechanism  of  reflection  and  transmission  at  a  boundary.  Here  the 
boundary  is  taken  as  a  plane  surface,  separating  vacuum  and  plasma 
half'Spaces.  Attention  is  restricted  to  the  case  of  coupling  from  an 
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•UciroacottStic  (lonfitudiiiAl  or  quAsi^loBsitwliMl)  w«v*.  la  ord«r  to  do 
this,  a  Umgltudiisal  wav*  i*  assumed  to  bs  iacidcat  oa  th«  bounds ry  from 
th*  plasma  (*••  fig.  !)•  Thus  it  is  supposed  that  th*  iacident  wave  is 

*i  t  •  ®*t  • 

♦  A  (•  I,  eia  •  ♦  1.  cos  g  )]exp  [•  ilq  (a  cos  •  ♦  a  sia  I  )] .  (30) 


where 


•iaw. 


UD 


The  reflected  quasi  •longitudinal  and  quasi>traasvers*  waves  are,  r*spec< 
tively, 

Cv  »  *  a,  cos  t  4’  Ig  sia  t 

t  B  (•  a,  sia  P  -  i,  cos  8  )Je«P  [^”  »hi  (“*  cos  8  4a  sia  8  (32) 

Cf  g  «  Eg  g  ig  eia  9}  •  i,  cos  9t 

4  T  (•  Ig  coe  9i  4  a,  sia  9i)  Jexp  ikf  i  (-  a  cos  fi  f  a  sia  BilJ.CSJ) 


where 


T  .  I*t»  • 

*  -  iaa. 


<M) 
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•.8.  a’,*  ... 


Th«  tranemm*d  wav*  la 


Eft  »  E,t  [l,  alo  -  i,  eoa  Ob]«*P  [‘  Ikf *(*  »  •*»  •*»]. 

<35) 

wh*r«  9  and  f  nr*  tt»*d  In  aaaociation  with  longitudinal  and  tranavcraa 
r*ap*ctlv*ly.  Th*  aubacript  1  or  2  la  u**d  to  deaignata  plaania 
or  vacuum,  r#ap*ctlv«ly. 

Tha  boundary  eondltiona  uaed  to  d*t*rmln*  the  amplitudaa  ar* 
contlnuoua  (*«ro)  normal  electron  velocity  and  continuoua  Ungential 
electric  and  magnetic  field*. 

Using  (8)  and  (15),  evpreaaion*  for  p  and  can  be  obtained  in 
term*  of  the  electric  field.  Expreaaion*  for  th*  directional  impedance 
may  then  be  defined  in  term*  of  thea*  expreaaion*.  To  do  ao,  auper- 
acript  ♦or  -  will  be  atuched  to  deaignate  incident  and  reflected  wav**, 
respectively.  Thu*,  with  th*  magnetoaUtic  field  Uken  to  be  aero, 

E.^expl- llH,(xco*  9  ♦  a  aln  e)J  ,  (36) 

.  ^  -  ik^u*  m  ^  ^  -  ik^(-  *  CO*  9  ♦  a  ain  9))  ,  (37) 

Y  ^  »  .lifia.  E.^lii  coa  9  ♦  ^  ain  9]  **p( -  lk^(*co*  9  ♦  a  ain  9)]  , 

^  n,* 

(38) 

V  *  ,  .iJffa  [  -a,  CO*  9  ♦  a,  ain  9j  *xp(  -  lk^(-  x  co*  9  ♦  a  ain  9)]  . 

^  **•*  * 

(39) 
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Th«  r<fl*ctioii  co«£!ici*iit  may  b«  4afiB«d  «•  b«£or«! 


p  >  1  m  .  (40) 

««• 

XHrcctiotiftl  •l«ctroftcottctic  wava  impadaac*  may  than  ba  4a£iaad  in  a 
method  analog oua  to  that  previously  discussed.  Thus,  we  tahe 


Z  • 


pt  p 


(41) 


where 


^.S.v*  .IiV* 


K  •  \*t  ♦  *.  ''U 


Then  the  directional  impedance,  ^  ,  is  given  by 


i. . 

VI  -  -V  -  i  v/« 


■  Z  CCS  9 


(42) 


T^:*  time-average  a-cemponent  of  the  Poynting  vector  associated  with 
the  electroacoustic  wave  tiien  becomes 


P,  •  ilp*|*  (r,(1  •  |p  I*)  ♦  2  X,  e^  ^*(a  sin  yx  ♦  0  cos  vx)}  ,  (43) 


where 


i,  «  il,  4  I  . 

9  ■  a  4  U  , 

2  cat  •  ■  Y  •  I  I,  . 

EquAtioa  (4S),  which  is  valid  for  s  s  0,  lUustratca  that 
tho  Poyntiag  vactor  has  an  SKponcatially  dscayiaf  staadinf  wavs  com- 
poasat.  This  componsnt  of  ths  vactor  is  sstablishsd  hy  tho  raactiva 
componsat  of  ths  dirsctioaal  impsdaacs.  At  a  ■  0,  (4S)  bscomss 

Pm  •  {R.(I  -  |P|*»  4  2  X,  i}  ,  (44) 

which  is  oatirsly  analogous  to  (24)  with  dirsctioaal  itnpsdanr*  rsplacing 
impsdaacs. 

Attsntion  has  bssa«  up  to  aow.  rsstrictsd  to  ths  powsr  flow  due  to 
ths  slsctroacoustic  wavs.  A  contribution  dus  to  ths  slsctromagnstic 
wavss  will  also  bs  prsssat.  If  a  magastostatic  fluid  psrmaatss  ths  region, 
an  slsctromagnstic  wavs  ascsssarily  accompaniso  tbs  slsctroacoustic 
wavs,  la  any  cass  a  rsflsctsd  and  a  traasmittad  slsctromagnstic  sravs 
ars  gsnsratsd  at  ths  boundary,  as  ia  (30)«(35). 


lb- 


t 


The  powtr  flo«v  d«tcrib«4  in  (24)  nnd  (44)  it  quite  ftMtogoua  to  thnt 
dckcribed  by  Bnriow  [  1443]  (or  tho  trnnevorao  oUctroniAgnctic  waves. 

In  order  to  describe  the  power  coupling  meebenitm  at  the  boundary, 
we  choose  here  to  enamlne  the  magnitudes  of  the  Poynting  vectors  in  the 
vacuum  and  that  associated  with  the  incident  wave.  The  ratio  of  the 
(ormor  to  the  latter  will  be  termed  the  power  conversion  (hetor  (see 
(igs.  4-13).  With  thla  daflnltioK.  the  power  conversion  factor  is  not 
physically  meaning(\tl  except  that  it  illuetrates  phenomena  specifically 
related  to  the  complex  electroacoustic  wave  impedance.  In  particular, 
it  is  evident  from  figure  4  that  the  interaction  of  the  incident  and  reflected 
waves  is  significant  at  the  lower  frequencies,  where  the  last  term  in  (44) 
predominates.  For  example,  if  >>  v.  v  >>  a  are  both  satisfied  and 
in  addition  (e^*/ tsv)  >>  1,  it  is  not  difficult  to  show  that  (see  (44)) 


w  g  hl  ib.  ilnLsa 

R,  c  V  cos 


This  exceeds  \mity  when  exceeds  about  SO*  and  (<ty/v)  >  20  (u/c  is 
IQT*  throughout). 

The  power  conversion  factor,  aa  herein  defined,  is  usehil  in  illus¬ 
trating  the  effects  of  a  complex  wave  impedance;  at  the  same  time,  it  is 
aomewhat  auperficlal  because  it  attempts  to  separate  power  contained  in 
die  incident  wave  from  the  total  incident  power  when  in  (act  the  interaction 
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•f  Ji«  iacideia  and  reflected  weeee  prectudee  thie  eeperetion.  There  ie. 
then.  •  distinct  difference  between  the  power  in  the  Incident  wave  and  the 
total  incident  power.  Indeed,  the  total  incident  electroacoustic  power 
can  be  considerably  greater  than  the  power  contained  in  the  incident  wave 

a 

(see  fig.  6).  Thus,  for  the  electroacoustic  mode,  the  total  power 
through  a  given  cross-section  may  be  obtained  by  integrating  the  power 
density,  as  given  in  (44).  With  the  normaliaation  chosen  here,  attention 
is  restricted  to  an  examination  of  the  power  density  in  the  vacuum  due  to 
an  incident  longitudinal  wave  maintained  at  unity  magnitude  (E,^  >1). 

In  the  plasma,  the  time  average  Poynting  vector  is  [Chen.  1964; 

Field.  19S6] 

^  s  j  Re(E  KH*  epY*)  .  (45) 

where  Re  indicates  the  real  part,  and  the  asterisk  specifies  the  com¬ 
plex  conjugate.  Using  (2),  (3).  and  (4).  along  with  the  assumed  field 
variation,  the  Poynting  vector  for  the  incident  quasi-longitudinal  wave 
becomes 

I 
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*•*  "  "2^^  **«  ^  *  *•  *•  ^  •*“ 

♦  ‘  II^  &•  (R*k^*  aia  6)  -  i,  R«  (R^l*^  co«  8)J 

-  S  [»,  K  ■♦,<'••  •)*)■•■  *,  \  ■€,(•!»  *)*) 

».«.})]  <«) 

Id  th«  irmcttum 

|S.J.||R.ixlf|«i||u|  |E.J»-^  .  (47) 

In  th«  nbscnc*  of  n  magnotostmtic  field,  (46)  redneos  to 

>.(\(«>. K,(V,(.taiU*)]  .(«•) 

5.  Discussioa 

The  electroacoustic  wave  impedeace  is  geaerslly  complex  unlees 
collisions  are  neglected.  The  associated  x-directed  component  of  the 
Poynting  vector  at  the  boundary  is  Uterefore  made  up  of  two  parts.  The 
first  part  consists  of  the  difference  in  the  magnitodes  of  the  forward  and 
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backward  travaling  waves.  The  second  part  is  due  to  the  interaction  of 
the  reactive  components.  Conceivably,  the  latter  portion  of  the  Poynting 
component  can  exceed  the  former,  if  the  imaginary  parts  of  the  various 
terms  are  of  sufficient  magnitude.  This  is  generally  the  case  for  •  <  a^  • 
The  imaginary  part  of  the  wave  impedance  exceeds  or  is  less  than 
the  real  part  depending  on  whether  •<a^orn>^.  Ataise^.  the  two 
components  are  equal.  The  ntanner  in  which  the  imaginary  part  changes 
with  frequency  for  ts  >  si^  depends  on  the  electron  density  and  the  collision 
frequency.  For  the  higher  collision  frequencies,  the  imaginary  and 
real  parts  of  the  impedance  tend  to  remain  almost  equal  for  •  S  a^ .  For 
lower  collision  frequencies,  this  tendency  does  not  prevail,  and  the 
imaginary  part  drops  off  quite  rapidly  with  frequency  for  frequencies 
greater  than  the  plasma  frequency.  These  factors  are  illustrated 

graphically  in  figures  2-5.  The  value  of  where  c  is  the  velocity  of 
light,  is  taken  to  be  ICT*  throughout.  This  corresponds  to  a  tempera¬ 
ture  of  about  10*  degrees  Kelvin. 

The  variation  of  the  power  conversion  factor,  as  earlier  defined. 

is  givm  in  figures  6-13.  For  v  «  10^  the  power  conversion  factor 
exceeds  unity  for  frequencies  somewhat  lass  than  the  plasma  frequency. 
This  is  not  surprising  in  view  of  the  earlier  discussion.  The  curves 
are  parametric  in  electron  density  and  are  given  as  funetioas  of  fre¬ 
quency  and  (real)  angle  .  The  results  are  given  for  the  case  of  sero 
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aafn«tosUtic  fi«kl  (Uf  •.  6  •  9)  and  alao  {tig*.  iO  -  U)  for  tha  casa 
of  a  mafnatostatic  fiald  havinf  a  magnituda  of  5  x  10**  Webara/m* 

(0.  5  Gauaa).  In  Uia  lattar  caaa  thara  ia  nacaaaarilf  a  nonxaro  (trana- 
varaa)  alactromagnatic  fiald  aaaociatad  with  tha  iacidant  wava.  Thara 
will  tharafora  ba  a  arara  iauractkm  of  tha  typa  daacribad  by  Barlow 
[  1963]  aa  waU.  Thia  intaraction  will  ba  dua  to  tha  complax  arava 
impadanca  aaan  by  that  arava.  Tha  grapha  ahowing  tha  E> fiald  convar* 
aioa  factor  corraaponding  to  figuraa  6-13  hava  baaa  givaa  In  aa  aarliar 
raport  [Gallaara.  1965]. 

6.  Coacfaiaiona 

Tha  raattUa  praaaotad  in  thia  paper  iodicata  that  tha  reactive  com¬ 
ponent  of  tha  wava  impadanca,  aa  aaan  by  aa  alactroacouatie  wava,  may 
play  an  important  role  in  tha  power  coopliag  at  a  plaama-vacnam 
boundary.  Tha  raaulta  ahow  that  tha  atoraga  fialda  of  oppoaitaly 
directed  wavaa  may  interact  to  produce  a  aignificant  flow  of  power. 
Thua,  the  total  flow  of  power  may  differ  appreciably  from  that  due  to 
tha  incident  and  raflactad  wavaa  acting  indapendantly.  Thia  ia  generally 
tha  caaa  for  fraquanciee  laae  than  tha  plaama  fraqoancy. 

An  important  quaation  which  ramaina  to  ba  aaawared  partaina  to 
tha  affactivenaaa  of  tha  boundary  aa  a  power  coupling  device  for  tha  taro 
modaa  of  iacidant  wavaa;  L  a. ,  one  ahould  axamina  tha  affactivaaaaa 
for  iacidant  alactromagnatic  and  alactroacouatie  wavaa.  Bacauaa  of 
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tk*  importance  of  the  complox  wave  impedance,  it  ie  probable  that  one 
mode  provides  more  power  flow  across  the  boundary  than  the  other  for 
the  same  incident  power.  This  possibility  has  its  corollary  in  the  problem 
of  evanescent  fields  in  hollow  metallic  guides.  In  thnt  case  Barlow  [  1963] 
found  that  the  E  mode  can  provide  a  much  larger  flow  of  power  than  the 
H  mode  for  the  same  applied  field  and  terminal  impedance.  The  qucs> 
tion  as  it  applied  to  plane  waves  in  a  plasma  will  be  examined  in  a 
future  report. 
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7.  ClosMry 

h  li^/CaB*  ♦  V*) 

m  mats  of  aa  olactroa 

alactroa  numbar  doaaity 
t  tima 

V  valocity  vactor 

a  alactroaic  cbarga 

2  alactric  fiald  vactor 

E  alactric  fiald  magnituda 

S  static  magnatic  flux  daaaity  vactor 

H  magnatic  fiald  vactor 

p  tharmodynamic  partorbation  praaanra 

a  spaad  of  sound  in  alactron  gas 

i  ^ 

V  a  tarm  dafinad  in  aquation  (14) 

R  a  tarm  dafinad  in  aquation  (31) 

* 

R  raal  part  of  alactroacoustic  wava  impadanca 

4a 

X  imaginary  part  of  alactroacoustic  arava  impadanca 

•  4a  aa 

Z  R4  i  X 

* 

Z,  acoustic  wava  impadanca 

T  a  tarm  dafinad  in  aquation  (34) 

B.  I,  IB.  t  unit  vectors 
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vector  to  o  vorlablo  point 

orovo  aumbor 

velocity  of  light 

expoae&tiol  fonctiocs 

the  Carteeien  coordinate  variables 

collision  frequency 

permeability  of  space 

permittivity  of  space 

radian  frequency 

plasma  frequency 

electron  cyclotron  frequency 

a  term  defined  in  equation  (12) 

index  of  refraction 

direction  angles  associated  with  electroacoustic  waves 

direction  angles  associated  widi  (transverse)  electro* 
magnetic  wa%es 

volume  mass  density 

reflection  coefficient 

phase  angle  of  o 
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Item  showing  the  two  media  and  illustrating 
icidence.  renection,  and  transmission. 


REAL  COMPONENT  OF  WAVE  IMPEDANCE 


FREQUDCY,  HZ 


Figure  2. 


Real  component  of  electroecouetic  wave  impedance. 
V  «  10*  eec"' 
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REACTIVE  COMPONENT  OP  WAVE  IMPEDANCE 


I  n  n* 

FREQUEIO ,  HZ 


Fifurt  3.  Imaninary  component  of  olectroacouitlc  wovo  Imped* 
nneo.  V  ■  10*  oec”* 
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REAL  COMPONENT  OF  WAVE  IMPEDANCE 


-i 


FREQUENCY,  HZ 


Figure  4.  Real  component  of  electroacoustic  wave  impedance. 
V  «  lO*'  sec”* 
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REACTIVE  COMPONENT  OF  WAVE 
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FREQUENCY,  HZ 


Fifur*  5.  Imaginary  component  of  electroacouatie  wavs  imped* 
ance.  v  «  10^  eec"*. 
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— -no»IO*  ELfiCTRONS/tm’ 
—  fip-lO*  ELECTRONS/tn^ 
-  no«IO^  ELECTRONS/tm* 


^2,  DEGREES 


Figure  8.  Oimensionlces  power  coavereton  factor.  «  0; 
I  «  I  kH*;  V  a  10*  sec** 


FACTOR 


i^.K)  ELECTRONS^m’ 
“—no*  10*  ELBCTRONS/cm* 
— —  rv,»lO*  ELECTRONS/cm* 
— no*  «(•  ELECTRONS/cm* 


^2 .  DEGREES 


Figure  9.  Dimensioales*  power  conversioii  factor.  Bq  «  0; 
f  =  1  kHa;  v  «  lO’  sec”*. 
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Figure  10.  Dimenekmleee  power  convereioo  lector.  Bq  «  5  x  10** 
Wb/rti*;  »  80";  v  •  10*  eee"*. 


IWER  CONVERSION  FACTOR 


no*  10  EL£CTRONS/cm’ 
no*  10*  ELEC7R0NSA:m* 
no*l0’  EL£CTRONS/cm* 
no*lO*  ELECTRONS/cm* 


FREQUENCY,  Hz 


Figor*  11.  Dimcfuioalass  power  cooversioa  fictor.  Bq  •  5  x  lOT* 
Wb/m*;  C3^  »  80*;  v  »  10’  mc”*. 
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POWER  CONVERSION  FACTOR 


»• 


^.DEGREES 


Fifur*  13.  Dimcaaionlcss  power  converaioa  Uctor.  •  5  x  KT* 
Wb/m*:  (  >  1  kHa;  v  »  10*  sec*'. 
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